The nonlinear rheology of three selected commercial low-density polyethylenes (LDPE) is measured in uniaxial extensional flow. The measurements are performed using three different devices including an extensional viscosity fixture (EVF), a homemade filament stretching rheometer (DTU-FSR) and a commercial filament stretching rheometer (VADER-1000). We show that the measurements from the EVF are limited by a maximum Hencky strain of 4, while the two filament stretching rheometers are able to probe the nonlinear behavior at larger Hencky strain values where the steady state is reached. With the capability of the filament stretching rheometers, we show that LDPEs with quite different linear viscoelastic properties can have very similar steady extensional viscosity. This points to the potential for independently controlling shear and extensional rheology in certain rate ranges.
Introduction
Control of the rheological behavior of polymer fluids as a function of molecular chemistry has attracted a great interest in both academia and industry for many years. The most successful and prolific theory for predicting the rheological behavior of entangled polymer systems is the "tube model" proposed by De Gennes (1971) and Doi and Edwards (1986) . However, despite the efforts of modifying the tube model for three decades, the nonlinear rheological behavior of entangled polymers in extensional flow is still not fully understood even for the simplest cases, i.e., monodisperse linear polymer systems (Huang et al. 2013a; Huang et al. 2013b) . Industrial polymers such as lowdensity polyethylenes (LDPE) are among the most complex examples of entangled polymer systems. They are not only highly polydisperse but also containing different branched molecular structures. Predicting the rheological behavior of LDPEs, especially the nonlinear behavior in extensional flow, is highly challenging.
Experimental works for exploring the dynamics of branched polymers in extensional flow have been performed on well-defined model systems (Nielsen et al. 2006; Van Ruymbeke et al. 2010; Lentzakis et al. 2013 ) as well as commercial polymer systems such as LDPEs. A maximum in the transient extensional stress of LDPE was observed by several groups Meissner et al. 1981; Münstedt and Laun 1981) . Steady stress following the stress overshoot was reported first by Rasmussen et al. (2005) and has been experimentally confirmed by comparing the measurements from the filament stretching rheometer and the cross-slot extensional rheometer (Hoyle et al. 2013) , as well as by comparing the constant stretch rate and constant stress (creep) experiments ). Several models have been developed (Hoyle et al. 2013; Wagner et al. 1979; Hawke et al. 2015) for the attempt to understand the physics behind the stress overshoot. However, none of the models can be practically used for predicting the rheological behavior of LDPEs in the industry, since the models contain numerous fitting parameters that are not directly related to molecular structures. Recently, Read et al. (2011) presented a predictive scheme that is able to calculate the linear and nonlinear viscoelasticity of a stochastically long chain branched polymer melt as a function of the chemical kinetics of its formation. The predictions seem to agree well with the measurements of three LDPEs in both shear and extensional flows. However, the measured extensional data were limited by a maximum Hencky strain of about 3.5 and show no sign of steady state, while the simulations went to much larger Hencky strain values and predicted a steady stress for each strain rate. The quality of predicting the nonlinear behavior at larger Hencky strain values is still unknown. Moreover, in the simulations of Read et al. (2011) , no stress overshoot was predicted.
In this work, we present extensional measurements for three different commercial LDPEs. The three LDPEs are specially designed based on the predictions of the model in Read et al. (2011) . They are expected to have different zero-shear-rate viscosity, but similar stress-strain response in large deformations in nonlinear extensional flow. The measurements are performed on three different devices including two filament stretching rheometers and an extensional viscosity fixture. We show that the measurements from the filament stretching rheometers can reach large Hencky strain values above 5, where the nonlinear steady state is reached. We also show that the LDPE samples have similar nonlinear behavior at large Hencky strain values in extensional flow, including the same magnitude of stress overshoot and the same steady stress following the overshoot, although the Read model predicts no stress overshoot. The results suggest that the nonlinear viscoelasticity of LDPE melts can be controlled through selective polymerization schemes.
Experimental Materials
Three types of commercial LDPE resins, labeled as PE-A, PE-B, and PE-C, have been provided by Dow. All samples are supplied in pellets. Table 1 summarizes the properties of the samples, including the density, the melt flow index (I 2 ), the weight-average molar mass (M w ), the number-average molar mass (M n ), and the melt strength. The weight-average molar mass is determined by multi-angle laser light scattering, while the number-average molar mass is determined by differential refractive index. the force-draw down velocity data, and the force at failure is determined from the fitted curve at the velocity of failure. The data in the table are average numbers of five consecutive measurements.
Mechanical spectroscopy
The linear viscoelastic (LVE) properties of the three LDPE samples are obtained from small amplitude oscillatory shear (SAOS) measurements. A 25-mm plate-plate geometry is used on an ARES-G2 rheometer from TA instruments. The measurements are performed at different temperatures between 130 and 190 • C under nitrogen. For each sample, the data is shifted to a single master curve at the reference temperature T r = 150 • C using the time-temperature superposition (TTS) procedure. The time-temperature shift factors (a T ) for all the samples are found to be in agreement with a single Arrhenius equation of the form
where the activation energy H = 65 kJ/mol. R is the gas constant, and T is the temperature in Kelvin. The shift factor a T is plotted as a function of the temperature in Fig. 1 .
Extensional stress measurements
The extensional stress measurements are performed using three different devices: an extensional viscosity fixture (EVF) from TA instruments, a homemade filament stretching rheometer (DTU-FSR) (Bach et al. 2003a) , and a commercial filament stretching rheometer (VADER-1000) from Rheo Filament. Results from the different devices are compared with each other. The samples for the EVF measurements are compression molded at 150 • C, 3 min at low pressure 10 bar, 1 min at high pressure 150 bar, then quench cooled to room temperature at 150 bar with a quench cool cassette. For a short time, the samples experience a pressure loss when the cooling cassette is inserted. The short-time compression molding at relatively low temperature is to prevent any potential oxidation or degradation of the samples. The sample mold is Teflon coated with dimensions of 100 × 100 × 0.5 mm. Samples of 12.7-12.8 mm width are stamped out from the plaque of about 20 mm long. The final samples thickness is about 0.6 mm. In the EVF measurement, a sample is inserted into the device and after a equilibrium time of 180 s at 150 • C, the sample is pre-stretched for 15.44 s at a strain rate of 0.005 s −1 , followed by a relaxation of 80 s. Then, the sample is stretched. The Hencky strains reported are computed from the cylinder rotations.
Typically, extensional measurements using an EVF are limited to the cases where the sample remains homogeneous. The value of the Hencky strain that the EVF can reach in a single revolution is typically below 4. In contrast to the EVF, the filament stretching instruments do not rely on an assumption of homogeneous deformation along the stretching direction. In fact, due to the no-slip condition on the plates, the deformation will have to be non-uniform in the axial direction. The devices merely probe the relation between deformation and stress in the plane of minimum diameter typically found in the mid-filament plane. The remaining material outside of this plane is needed just to hold on to the thin slice under investigation in much the same way that a dog-bone shape is used to hold on the material in solid mechanics testing. The filament stretching devices do rely on an assumption of radially homogeneous deformation in the minimum diameter plane. Simulations by Kolte et al. (1997) have shown little if any radial stress variation in the mid-filament plane. A laser micrometer is used to measure the diameter of the thin mid-filament slice. In order to explore higher strains, an online control scheme, which was firstly used by Bach et al. (2003b) and later published by Marín et al. (2013) , is employed in both DTU-FSR and VADER-1000 to control the diameter at the mid-plane of the filament during stretching, so that a constant strain rate is ensured before sample breaking. Depending on the types of samples, the maximum value of Hencky strain that both DTU-FSR and VADER-1000 can reach is up to 7.
Prior to making a measurement on the filament stretching rheometers, the samples are hot pressed into cylindrical test specimens with a radius of R 0 and a length of L 0 . The aspect ratio is defined as 0 = L 0 /R 0 . The samples are pressed at 150 • C and annealed at the same temperature for 10 min and then cooled to room temperature. In the measurements, all the samples are heated up to 150 • C, and after a equilibrium time of 180 s, the samples are pre-stretched to a radius of R p prior to the extensional experiments. For DTU-FSR, R 0 = 4.5 mm, L 0 = 2.5 mm, and R p is between 3 and 4.5 mm, while for VADER-1000, R 0 = 3.0 mm, L 0 = 1.5 mm, and R p = 2.5 mm. During the extensional measurements, the force F (t) is measured by a load cell and the diameter 2R(t) at the mid-filament plane is measured by a laser micrometer. At small deformation in the startup of the elongational flow, part of the stress difference comes from the radial variation of pressure due to the shear components in the deformation field. This effect may be compensated by a correction factor as described in Rasmussen et al. (2010) . For large strains, the correction vanishes and the radial variation of the stress in the symmetry plane becomes negligible (Kolte et al. 1997) . For all the samples in this work, the correction is less than 4 % when the Hencky strain value is bigger than 2. The Hencky strain and the mean value of the stress difference over the mid-filament plane are calculated as
and
where m f is the weight of the filament and g is the gravitational acceleration. The strain rate is defined as˙ = d /dt. The extensional stress growth coefficient is defined asη + = σ zz − σ rr /˙ . Figure 2a shows the storage modulus G' and loss modulus G" as a function of the angular frequency ω for all the samples at the reference temperature 150 • C. The corresponding complex viscosity η * is plotted in Fig. 2b . The solid lines in 
Results and discussion

Linear viscoelasticity
where g i and τ i are listed in Table 2 . The zero-shear-rate viscosity η 0 in the table is calculated by
In Fig. 2b , it is clear that the three samples have different zero-shear-rate viscosity. However, in Fig. 2a, b , it seems that the linear behavior of PE-C approaches PE-A at lower frequencies and overlaps PE-B at higher frequencies. Moreover, at ω > 1 rad/s, both the G' and G" curves of PE-C are almost parallel with PE-A with a vertical shift factor of about 0.6. Figure 3a shows the extensional stress growth coefficient as a function of time for PE-A at 150 • C. The measurements from the EVF, DTU-FSR, and VADER-1000 are compared in the figure. The dashed line in the figure is the LVE envelope calculated from the Maxwell relaxation spectrum listed in Table 2 . The measurements from the EVF are limited by the maximum Hencky strain of 4 and clear to see in Fig. 3b , where the measured stress is plotted as a function of Hencky strain. The measurements from the two filament stretching rheometers are able to reach larger Hencky strain values above 5, where the steady stress is observed. We note a significant deviation between the EVF and filament stretching measurements. We believe the stress measured by the EVF is too low, especially at low strain rates, which was also observed by Hoyle et al. (2013) where the filament stretching measurements were compared with the Sentmanat elongational rheometer measurements. Thus, foṙ = 0.01 s −1 in Fig. 3b , there is deviation already from = 0.5, while for˙ = 2.5 s −1 , the EVF measurement agrees with the DTU-FSR measurement up to = 3.5. Keep in mind that in EVF, only the initial area of the cross-section is known; the changing of cross-section area during stretching is not measured but calculated from an equation assuming constant stretch rate in homogeneous uniaxial extension. Moreover, in our EVF measurements, the sample width of 12.8 mm slightly exceeds the upper limit of 12.7 mm as suggested by Yu et al. (2010) . This leads to a planar extension rather than a uniaxial extension at larger Hencky strain values. By contrast, in DTU-FSR and VADER-1000, the mid-diameter is measured all the time, so the actual area of the cross-section during stretching is known, whereby the true Hencky strain in the mid-filament plane is computed. With the aid of the online control scheme, a constant ture Hencky strain rate in uniaxial extension is ensured during the whole measurement. The data from DTU-FSR and VADER-1000 at large Hencky strain values are somewhat scattering due to the low force. In addition, at stretch rates faster than 0.4 s −1 , a stress overshoot is observed from the measurements using DTU-FSR and VADER-1000. The measurements using the two filament stretching rheometers were not performed at stretch rates faster than 2.5 s −1 , due to the limitation of the control scheme employed in the apparatus. In filament stretching, surface tension may contribute to the measured stress especially at large Hencky strain values when the radius of the mid-filament plane is very small. Among all the measurements, the smallest radius is R = 0.12 mm. If we take surface tension γ = 0.03 J/m 2 for LDPE, the maximum stress from surface tension effect is σ sur = γ /R = 250 Pa. In Fig. 3b , it is clear that for all the measurements that reached Hencky strain more than 4, the measured stress is above 10 4 Pa. Therefore, the surface tension effect can be neglected. Figure 4 shows the extensional stress growth coefficient as a function of time for PE-C at 150 • C. The measurements from DTU-FSR and VADER-1000 agree with each other well. The measurements from the EVF agree with DTU-FSR at intermediate stretch rate between 0.15 and 2.5 s −1 . At stretch rate lower than 0.1 s −1 , the deviation becomes larger and larger. Stress overshoots are again observed at stretch rates faster than 0.4 s −1 from the measurements by DTU-FSR and VADER-1000.
Startup and steady-state extensional flow
The nonlinear behavior of PE-A and PE-C in extensional flow measured by DTU-FSR are compared in Fig. 5 . As shown in Fig. 2 , PE-A and PE-C have different linear viscoelastic properties, which is also indicated by the different LVE envelopes in Fig. 5a . In the startup of extensional flows, PE-A and PE-C also have different nonlinear responses. It is clear in Fig. 5a that PE-C has more significant strain hardening than PE-A for all the stretch rates presented. However, in Fig. 5a , b, it is interesting to see that although PE-A and PE-C initially have different nonlinear behavior, they have identical response at larger Hencky strain values and reach the same extensional steady-state viscosity for each strain rate as shown in Fig. 6 . Figure 6 also shows that at fast strain rate, the extensional steady-state viscosity exhibits a power-law behavior with the viscosity scaling approximately asε −0.6 , which agrees with the observations reported in Rasmussen et al. (2005) and Alvarez et al. (2013) . It should be noted that the identical nonlinear behavior is only observed at Hencky strain values bigger than 4 as shown in Fig. 5b , which cannot be measured by the EVF. Figure 7a compares the extensional stress growth coefficient of PE-B with PE-C at 150 • C. PE-B does not show any stress overshoot for the rates presented. Although PE-B and PE-C behave differently in both linear and nonlinear rheology, it seems that their relative amount of strain hardening is similar at each stretch rate. It is more clearly seen in Fig. 7b , where the Trouton ratio is compared. The Trouton ratio is defined as Tr =η + /η 0 , where η 0 is the zero-shearrate viscosity and the values are listed in Table 2 . It can be seen that at each stretch rate, PE-B reaches the same maximum Trouton ratio as PE-C, confirming that they have the same relative amount of strain hardening.
Conclusions
We have measured the extensional rheology of three commercial LDPE samples using three different devices. The three devices gave consistent results in the startup of extensional flow. However, the measurements from the EVF are limited by the maximum Hencky strain of 4, while the two filament stretching rheometers reach larger Hencky strain values where the stress overshoot and steady-state viscosity are observed. Moreover, the EVF measurements follow the filament stretching measurements only up to a strain that depends on the strain rate. Although the three LDPE samples have different linear viscoelastic properties, it has been shown that PE-A and PE-C have very similar nonlinear rhelogical behavior at Hencky strain values bigger than 4, while PE-B and PE-C have the same relative amount of strain hardening. The results presented suggest that the nonlinear rheology of industrial LDPEs can be tuned by polymerization. In particular, it is possible to synthesize a polymer (PE-C) that has substantially lower viscoelastic moduli than a reference polymer (PE-A), but yet has an identical extensional viscosity to the reference.
